Synaptojanin is a lipid phosphatase required to degrade phosphatidylinositol 4,5 bisphosphate (PIP 2 ) at cell membranes during synaptic vesicle recycling [1, 2] . Synaptojanin mutants in C. elegans are severely uncoordinated and are depleted of synaptic vesicles, possibly because of accumulation of PIP 2 [2] . To identify proteins that act downstream of PIP 2 during endocytosis, we screened for suppressors of synaptojanin mutants in the nematode C. elegans. A class of uncoordinated mutants called ''fainters'' partially suppress the locomotory, vesicle depletion, and electrophysiological defects in synaptojanin mutants. These suppressor loci include the genes for the NCA ion channels [3] , which are homologs of the vertebrate cation leak channel NALCN [4], and a novel gene called unc-80. We demonstrate that unc-80 encodes a novel, but highly conserved, neuronal protein required for the proper localization of the NCA-1 and NCA-2 ion channel subunits. These data suggest that activation of the NCA ion channel in synaptojanin mutants leads to defects in recycling of synaptic vesicles.
Synaptojanin is a lipid phosphatase required to degrade phosphatidylinositol 4,5 bisphosphate (PIP 2 ) at cell membranes during synaptic vesicle recycling [1, 2] . Synaptojanin mutants in C. elegans are severely uncoordinated and are depleted of synaptic vesicles, possibly because of accumulation of PIP 2 [2] . To identify proteins that act downstream of PIP 2 during endocytosis, we screened for suppressors of synaptojanin mutants in the nematode C. elegans. A class of uncoordinated mutants called ''fainters'' partially suppress the locomotory, vesicle depletion, and electrophysiological defects in synaptojanin mutants. These suppressor loci include the genes for the NCA ion channels [3] , which are homologs of the vertebrate cation leak channel NALCN [4] , and a novel gene called unc-80. We demonstrate that unc-80 encodes a novel, but highly conserved, neuronal protein required for the proper localization of the NCA-1 and NCA-2 ion channel subunits. These data suggest that activation of the NCA ion channel in synaptojanin mutants leads to defects in recycling of synaptic vesicles.
Results and Discussion

unc-80 Is a Suppressor of Synaptojanin Mutant Uncoordination
Synaptojanin mutants accumulate PIP 2 [1] and have defects in synaptic vesicle endocytosis in mice, flies, and worms [1, 2, 5, 6] . To identify proteins that act downstream of PIP 2 during synaptic vesicle endocytosis, we screened for suppressors of synaptojanin mutants (unc-26) in C. elegans. In the screen, we identified ox301, an allele of the gene uncoordinated-80 (unc-80) . To quantify suppression, we performed race assays (Table 1 ; Figure S1 in the Supplemental Data available online). All three alleles of unc-80 tested were able to suppress the locomotion defect of unc-26 mutants (Table 1 ; Figure S1 ). In addition, mutations in unc-80 suppressed both a hypomorphic allele of unc-26(e314) and, to a lesser degree, a null allele of unc-26(s1710). Because unc-80 mutations suppress both weak and null alleles of unc-26, it is likely that unc-80 acts downstream, or in parallel to, synaptojanin.
One possible mechanism for suppression is that unc-80 mutants could simply be hyperactive. However, unc-80 mutants are not hyperactive; in fact, they are somewhat sluggish. unc-80 mutants can move, but they generally spend their time lying still on the plate. If motivated by a sudden stimulus, animals move two body lengths and abruptly stop, in a phenotype called ''fainting.'' The fainting phenotype is still observed in unc-26 unc-80 double mutants. Moreover, unc-80 does not appear to nonspecifically increase neurotransmission, because it is not a general suppressor of synaptic transmission mutants (Table 1) . In most cases, no strong genetic interactions were found between unc-80 and other synaptic transmission mutants. The only consistent effect was that unc-80 suppressed other mutations involved in PIP 2 metabolism. Endophilin (unc-57) binds synaptojanin and localizes it to membranes at synapses [5, [7] [8] [9] [10] ; perhaps not surprisingly, unc-80 mutations also suppress the locomotory phenotype of unc-57 mutants. PIP 2 is synthesized by the type 1 PIP kinase (ppk-1 in C. elegans) [11, 12] , and overexpression of PPK-1 causes an uncoordinated phenotype (D. Weinkove, M. Bastiani, and K.S., unpublished data). Again, mutations in unc-80 suppress the locomotory phenotype of this strain. These data suggest that mutations in unc-80 may be suppressing defects caused by the accumulation of PIP 2 .
unc-80 Encodes a Novel Conserved Protein
The uncoordinated phenotype of the unc-80 mutation was mapped by single nucleotide polymorphisms to an interval on the right arm of chromosome V [13] . We used RNA interference in an RNAi-sensitized background (eri-1 lin-15b) [14] to screen candidate open reading frames for phenocopy of the unc-80 behavioral defect [15] . We found that F25C8.3 gave a fainter phenotype similar to unc-80 mutants. To show that F25C8.3 is indeed the unc-80 locus, we rescued unc-80 mutants with wild-type F25C8.3 DNA and identified the DNA lesion in six unc-80 mutant alleles ( Figure 1A ; Figure S2 , Table S1 ).
UNC-80 is a large protein with at least two isoforms ( Figure S2 ; Wormbase). Domain and motif recognition programs failed to suggest a function for the predicted UNC-80 protein; however, it is highly conserved across its length to single proteins in other metazoans ( Figure 1A) . Thus, UNC-80 is the founding member of an evolutionarily conserved family of proteins.
unc-80 Is Expressed in Neurons
To determine in which cells unc-80 is expressed, we placed GFP under the control of the unc-80 promoter (Punc-80:GFP). The unc-80 GFP reporter is broadly expressed in the nervous system ( Figure 1B) . The *Correspondence: schuske@biology.utah.edu reporter is expressed in both acetylcholine and GABA motor neurons as determined by double-labeling (Figure S3A ). Although expression is observed in other tissues ( Figure 1B ), no expression was observed in the body muscle, suggesting that the uncoordinated phenotype is likely due to a loss of UNC-80 function in neurons.
UNC-80 Is Required for NCA-1 Localization or Stabilization in Axons
Only two other strains exhibit the fainter phenotype: animals lacking both subunits of a novel ion channel family encoded by the nca-1 and nca-2 genes [3] , and animals lacking a large novel protein encoded by the unc-79 gene [3, 16] . Fainter mutants have additional phenotypes in common. First, when placed in liquid, they are unable to swim, but instead become rigid and appear to have tremors (J. Pierce-Shimomura, personal communication; Table S1 ). Second, fainter mutants have altered sensitivity to volatile anesthetics such as halothane and enflurane [3, [16] [17] [18] . Third, unc-79 mutants and nca-1 nca-2 double mutants suppress the uncoordinated phenotype of animals lacking synaptojanin (Table  1 ; Figure S1 ). Together, these data suggest that UNC-80, UNC-79, and the NCA ion channels function in the same pathway.
Like unc-80, the nca genes are expressed in both excitatory and inhibitory motor neurons ( Figures S3B  and S3C ). Interestingly, the mouse homologs of unc-80 (C030018G13) and of nca (A930012M17) also exhibit coincident expression patterns in the hippocampus, cerebellum, and piriform cortex (http://www.brainatlas.org) [19] . The coexpression and similar mutant phenotypes of the unc-80 and nca genes suggest that these proteins may function together.
To determine whether unc-80 is required for NCA localization, the distributions of the rescuing NCA-1::GFP and NCA-2::GFP fusion proteins (Table S1) were analyzed in unc-80 mutants. In control animals, NCA-1::GFP and NCA-2::GFP are diffusely distributed along axons and do not appear to be enriched at synaptic sites (Figures 2A and 2B ; Figures S3B, S3C, and S4A). In the absence of unc-80, axonal NCA-1::GFP and NCA-2::GFP expression is reduced in the axons of motor neurons ( Figure S4A ) and nerve ring (Figures 2A and 2B ). Compared to wild-type levels, NCA-1::GFP and NCA-2::GFP levels in the nerve ring are reduced to 40% and 48%, respectively ( Figure 2C ). However, expression in cell bodies is not reduced, and may actually be increased, suggesting that NCA-1::GFP and NCA-2::GFP protein is still made in the absence of unc-80. By contrast, axonal fluorescence of the voltage-gated calcium channel (UNC-2::GFP), which is related to the vertebrate Ca V 2 family of synaptic calcium channels, is not affected in unc-80 mutants ( Figure 2C ; Figure S4B ). Other synaptic components are also properly localized, including the synaptic vesicle proteins synaptobrevin and synaptotagmin and endocytic sites as marked by clathrin ( Figures S4C and S4D) . Thus, UNC-80 appears to be required for localization of NCA-1 and NCA-2 in the axon membrane, although we cannot rule out an additional role in channel function. UNC-80 has a similar function as another protein UNC-79, which is required for maintaining NCA protein expression levels [3] . Therefore, in C. elegans, the normal function of the NCA ion channel requires two large proteins (UNC-79 and UNC-80) that contain no clear domains but are strongly conserved in all animals.
Restoration of Synaptic Vesicle Number in the Synaptojanin Mutants Why does disruption of NCA channel function suppress synaptojanin mutant uncoordination? The most profound synaptic phenotype in unc-26 mutants is that there are fewer synaptic vesicles [2] . To determine whether unc-80 and nca-1 nca-2 mutations suppress the synaptic vesicle depletion of unc-26 mutants, we characterized the ultrastructure of synapses in these genotypes by a high-pressure freezing protocol. The number of synaptic vesicles in unc-26(s1710) mutants was reduced compared to the wild-type ( Figure 3A ; 42% in acetylcholine neurons and 32% in GABA neurons). The remaining vesicles were often distributed at a distance from the presynaptic density arranged in a ''string-ofpearls'' ( Figure 3B ). The string-of-pearls phenotype of unc-26 mutants was not suppressed by mutations in unc-80 or nca-1 nca-2 ( Figure 3B ). However, synaptic vesicle number in unc-26 unc-80 double mutants, although still reduced compared to the wild-type (81% in acetylcholine and 60% in GABA neurons; Figure 3A) , shows a significant improvement over unc-26 mutants alone (1.9-fold and 1.8-fold more vesicles, respectively). Similar levels of suppression are observed in nca-1 nca-2 unc-26 triple mutants (68% synaptic vesicles in acetylcholine neurons and 55% in GABA neurons compared to the wild-type; Figure 3A ) but have 1.6-fold more synaptic vesicles in acetylcholine neurons and 1.7-fold more in GABA neurons than unc-26(s1710). The increase in synaptic vesicle number suggests that the recycling defect in unc-26 mutants is ameliorated by the loss of UNC-80 or NCA proteins.
Even in an otherwise wild-type background, unc-80 and nca-1 nca-2 mutants exhibit an increase in synaptic vesicle number at both acetylcholine (1.2-fold in unc-80 and 1.2-fold in nca-1; nca-2) and GABA synapses (1.5-fold in unc-80 and 1.2-fold in nca-1; nca-2) ( Figure 3A) . It is possible that unc-80 and nca-1 nca-2 suppress the synaptojanin phenotype indirectly; that is, that mutating these genes leads to an increase in synaptic vesicle number in any genotype. However, the proportional change is much greater in the unc-26 mutant background ( Figure 3A) , suggesting that the NCA channel function is reducing synaptic vesicle number because of the synaptojanin mutant defect-perhaps because of inappropriate increases in PIP 2 .
Restoration of Synaptic Transmission in Synaptojanin Mutants
Do mutations in unc-80 and nca-1 nca-2 alleviate the exocytosis defects observed in synaptojanin mutants? We recorded miniature postsynaptic currents (''minis'') at neuromuscular junctions by using voltage-clamp recordings from body muscle cells (Figures 3C and  3D) . The frequency of minis in synaptojanin null mutants is 17% compared to wild-type animals (0.5 mM calcium). The frequency of minis is increased by more than 2-fold in unc-26(s1710) unc-80(ox301) and nca-1 nca-2 unc-26(s1710) mutants, suggesting that loss of unc-80 or nca-1 nca-2 confers a significant improvement in synaptic transmission in the absence of synaptojanin.
The fainter phenotype observed in unc-80 and nca-1 nca-2 mutants suggests that these mutants have a defect in synaptic transmission. In fact, these mutants exhibit a decrease in acetylcholine release as assayed by resistance to an inhibitor of acetylcholinesterase (Figure S5A) . A defect in neurotransmission is not so apparent at an electrophysiological level. In low calcium (0.5 mM calcium), mini frequencies are normal in these strains ( Figures 3C and 3D) . By contrast, in high calcium (C) Quantitative imaging of NCA-1:GFP, NCA-2:GFP, and UNC-2:GFP fluorescence in control and unc-80(ox301) animals. The right side of the nerve ring was imaged from the center of the pharynx to the hypodermis. Projected stacks, including the entire right side of the nerve ring, were used for quantification (average fluorescence intensity 6 SEM, n = animals): NCA-1:GFP (vaIs46): nca-1(gk9), 25.2 6 3.3, n = 5; nca-1(gk9); unc-80(ox301), 10.1 6 0.6, n = 4; p = 0.005, two-tailed, unpaired t test. A similar effect is seen for NCA-1:GFP (vaIs46) in a wild-type background, wild-type: 28.4 6 3.2, n = 6; unc-80(ox301): 9.7 6 1.1, n = 6; p = 0.0003. NCA-2:GFP (vaIs41): nca-2(gk5), 64.7 6 8.0, n = 6; nca-2(gk5); unc-80(ox301), 31.4 6 3.2, n = 6; p = 0.003. UNC-2:GFP (vaIs33): unc-2(e55), 52.0 6 4.5, n = 5; unc-2(e55); unc-80(ox301), 44.7 6 8.7, n = 5; p = 0.48. **p = 0.005-0.001.
(5.0 mM calcium), mini frequencies are more variable than in the wild-type ( Figure S5B) . Half of the cells exhibited very low mini frequencies (lower than 20 fusions per second) in unc-80(ox301), in unc-80(ox330), and in nca-1 nca-2, but not in wild-type animals ( Figures S5C  and S5D ). These data suggest that increased extracellular calcium reduces the rate of synaptic vesicle release in unc-80 and nca-1 nca-2 mutants.
Models for unc-80 and nca-1 nca-2 Suppression of unc-26 How do mutations in unc-80 and nca-1 nca-2 suppress the depletion of synaptic vesicles in synaptojanin mutants? One possibility is that these mutations simply reduce exocytosis and thereby allow the crippled endocytic machinery time to catch up. As observed in aldicarb assays, unc-80 and nca-1 nca-2 mutants exhibit (A) Vesicle number in mutants. The percent of synaptic vesicles per profile relative to the wild-type is shown. Average numbers of synaptic vesicles per profile were calculated for both acetylcholine and GABA neurons from two young adult hermaphrodites. Left, genotype acetylcholine synapses (number of synaptic vesicles per profile 6 SEM, n = synapses): wild-type (20.6 6 0.9, n = 14), unc-80 (25.9 6 1.0, n = 10), nca-2; nca-1 (25.4 6 1.4, n = 8), unc-26(s1710) (8.9 6 0.4, n = 19), unc-26; unc-80 (16.7 6 1.1, n = 10), nca-2; nca-1 unc-26 (14.1 6 1.0, n = 10). Right, genotype GABA synapses (number of synaptic vesicles per profile 6 SEM, n = synapses): wild-type (33.8 6 1.2, n = 13), unc-80 (49.2 6 2.3, n = 10), nca-2; nca-1 (40.8 6 2.6, n = 10), unc-26 (10.9 6 0.6, n = 17), unc-26; unc-80 (20.1 6 1.5, n = 10), nca-2; nca-1 unc-26 (18.6 6 1.7, n = 10). p value calculated by two-tailed, unpaired t test. **p = 0.005-0.001, ***p < 0.001. (B) Electron micrographs of profiles from acetylcholine neurons containing a dense projection (DP), arrows; lines indicate synaptic vesicles (SV) and dense core vesicles (DCV). Scale bar represents 100 nm. (C) Frequency of miniature postsynaptic currents (minis) in the presence of 0.5 mM external calcium. Minis were recorded at a holding potential of 260 mV on ventral medial body muscle cells. Minis per second 6 SEM, n = animals: wild-type (30.3 6 3.2, n = 12), unc-80 (29.5 6 3.5, n = 11), nca-2; nca-1 (32.2 6 4.3, n = 8), unc-26(s1710) (5.7 6 1.1, n = 7), unc-26; unc-80 (13.3 6 1.9, n = 7), nca-2; nca-1 unc-26 (11.8 6 1, n = 7). p value calculated by two-tailed, unpaired t test. **p = 0.005-0.001. (D) Representative traces recorded in 0.5 mM calcium. a weak defect in exocytosis. If this model were true, then other mutants defective for exocytosis should also suppress unc-26. To test this hypothesis, we made double mutants between unc-26 and mutations in genes that decrease but do not eliminate synaptic vesicle release. Such mutations did not suppress and in most cases exacerbated the synaptojanin mutant phenotype (Table 1) , including mutations in the neural calcium channel Ca V 2 (unc-2), the ''long-lasting'' calcium channel Ca V 1 (egl-19), the ryanodine receptor (unc-68), and weak mutations in syntaxin (unc-64) and UNC-13 (unc-13). These data suggest that a general decrease in synaptic vesicle exocytosis is not sufficient to suppress unc-26 uncoordination.
Another possibility is that the NCA channel function inhibits residual endocytosis of synaptic vesicles in unc-26 mutants. In support of this model, absence of NCA channel function increases synaptic vesicle numbers in synaptojanin mutants. The increase in synaptic vesicles is mirrored by a proportional increase in synaptic vesicle exocytosis in the suppressed strain.
The original goal of this study was to identify proteins that act downstream of PIP 2 accumulation at the synapse. Elimination of the synaptojanin PIP 2 phosphatase or overexpression of the type 1 PIP kinase would be expected to lead to an accumulation of PIP 2 , and both strains generate uncoordinated animals. The uncoordinated phenotypes of both of these strains is suppressed by mutations in NCA channel function. Lipids, including PIP 2 , regulate the activity of many ion channels [20] . Our data suggest that the NCA channel may be inappropriately activated by PIP 2 and partially contributes to the synaptojanin mutant phenotype. Mislocalization of the NCA channels in unc-80 mutants, or elimination of the channels themselves, partially alleviate this effect. 
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